Introduction
Mud volcanoes (MVs) are geological structures formed by the emission of high-pressure mud, water and gas from the deep subsurface (Dimitrov, 2002; Kopf, 2002) . These structures are distributed both onshore and offshore worldwide, including in the western Alps and Apennines (Camerlenghi and Pini, 2009 ), Romania (Alain et al., 2006) and large petroliferous basins in the Junggar Basin and Azerbaijan (Zheng et al., 2010b; Green-Saxena et al., 2012) . The main gas emitted from MVs is methane, which has warming potential approximately 28 times greater than CO 2 on a 100-year horizon, as re-evaluated by the 5th Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC, 2014) . Global methane emission has been estimated at approximately 550 TgÁy 21 , whereas global geological methane emission ranges from 35 to 76 TgÁy 21 (Kirschke et al., 2013) . About 30% of the geological methane emissions (10-20 TgÁy
21
) originate from MVs (Saunois et al., 2016) , making MVs a significant source of greenhouse gases.
Methane cycling in MVs has received a great deal of attention, particularly anaerobic oxidation of methane (AOM) (Hinrichs et al., 1999; Mastalerz et al., 2009) , which is known to occur in three groups of archaeal anaerobic methanotrophs (ANMEs): ANME-1, ANME-2 (Knittel et al., 2005) and ANME-3 (Orphan et al., 2002) . These methanotrophic archaeal lineages form syntrophic consortia with sulfate (SO 22 4 ) reducers (e.g., Desulfobacteraceae or Desulfobulbaceae) that drive AOM (Boetius et al., 2000; Niemann et al., 2006) . AOM also can be coupled with other electron acceptors including iron (Fe), manganese (Mn), nitrate (NO 2 3 ) and nitrite (NO 2 2 ) (Raghoebarsing et al., 2006; Beal et al., 2009; Ettwig et al., 2010) . Moreover, interspecies extracellular electron transfer was recently shown to have the potential to contribute to AOM (McGlynn et al., 2015; Wegener et al., 2015; Scheller et al., 2016) .
Multiple AOM pathways might give rise to a variety of resources that are required by the different microbes involved in AOM. Therefore, electron acceptors could affect the structure of resource utilization, and thus the community composition of AOM-related microbes. If so, a variation in these elements and compounds could play an important role in shaping species interactions and even ecological network structures in MVs.
Phylogenetic molecular ecological network (pMEN) analysis provides an effective method for the investigation of the ecological interactions (links) among different populations (nodes) in a microbial community (Fuhrman and Steele, 2008; Zhou et al., 2010; Deng et al., 2012) . Keystone populations and other important microbes can be identified based on network topology, module memberships, and the phylogenetic relationships of individual operational taxonomic units (OTUs) (Zhou et al., 2011) . Network analysis has been widely used to determine key microbial populations and explore co-occurrence patterns among microbial taxa in soil and marine microbial communities (Steele et al., 2011; Barberan et al., 2012) ; however, microbial interaction networks in extreme environments, such as MVs, remain unclear.
The southern margin of the Junggar Basin in northwest China contains numerous groups of terrestrial MVs. The basin, which represents one of the most densely populated MVs regions, includes various sized mud pot MVs in the Baiyanggou (BYG) regions and domed MVs in the Aiqigou (AQG) and Dushanzi (DSZ) regions. Methane is the dominant component in the exhaust gas of these MVs, accounting for an average of 92.81% (v/v) of the composition (Wan et al., 2015) . The southern margin of the Junggar Basin is also rich in diverse potential electron acceptors. The reddish Tertiary sedimentary rocks of the DSZ area are rich in Fe, magnesium, calcium and Mn, and the abundance of reduced forms of Fe and sulfur cause these rocks to change colour to green, deep grey, and black (Zheng et al., 2010a) . Methane-cycling microbes may be involved in the process of iron/sulfur-dependent colour changes because of the high methane concentrations in this region as well as the potential role of Fe/SO 22 4 as an electron acceptor in AOM. To date, microbial activity in these MVs has received little attention, and neither the ANME groups nor their AOM process is well understood.
To explore the potential for widespread AOM in the Junggar habitats, we examined six discrete MV sites in the regions of AQG (one site), BYG (four sites) and DSZ (one site) (Fig. 1 ) that emerged in different geological strata and thus differed considerably in their geological features. Based on high-throughput sequencing data of archaeal and bacterial 16S rRNA gene amplicons, we characterized the microbial communities and diversity. Multiple statistical methods (e.g., Mantel tests and a multivariate regression tree [MRT] ) were used to determine the impacts of geochemical factors on microbial communities. Microcosm experiments were then conducted to assess the biogeochemical processing of methane and the effects of electron acceptors on AOM. To explore the microbial interactions, pMENs were constructed in the representative MVs, and together, these data allowed us to investigate: (i) whether electron acceptors drive the microbial community composition and diversity in the methane-rich habitats and (ii) if distinct MVs display dissimilar microbial network interactions.
Results

Comparison of archaeal and bacterial communities among MVs
Illumina MiSeq sequencing yielded 2,631,423 high-quality archaeal and 2,618,720 bacterial 16S rRNA gene sequences across all of the samples from six MVs (8 replicates for each site). After random resampling, each sample generated 10,564 and 10,563 sequences of archaea and bacteria, respectively. Simultaneously, 40,085 archaeal and 29,933 bacterial OTUs were identified with a 97% similarity cutoff. The rarefaction curve showed that the number of OTUs in most samples was near saturation (Supporting Information Fig. S1 ), indicating that most of identifiable OTUs had been captured. The amounts of general archaeal and bacterial 16S rRNA was determined by quantitative PCR (qPCR). The bacterial and archaeal 16S rRNA gene copy numbers in the six MVs ranged from 1.0 3 10 8 to 2.0 3 10 9 and 1.5 3 10 7 to 2.3 3 10 8 copies (ml 21 fluid mud) (Fig. 2C ). The proportion of archaea to total microbes ranged between 4.6% and 16.3%. In the archaeal communities, the dominant orders at all of the sites were Halobacteriales and methanogens ( Fig. 2A) . The related Methanosarcinales methanogens together with those of Methanomicrobiales predominated at AQG (72.7%), BYG3 (73.9%) and DSZ (66.8%), while BYG1/2/4 were dominated by Halobacteriales. Sequences associated with ANME lineages were detected in all of the samples, and most were phylogenetically assigned to the ANME-2d group, which constituted up to 9% of the total archaeal population ( Fig. 2A) . ANME-2a, ANME-2b and ANME-2c were also found in our samples, but only in small amounts (< 0.3%).
Bacterial communities were diverse with complex structures ( Fig. 2A) . At the subphylum level, Gammaproteobacteria outnumbered the other taxa in all of the samples ($ 55% of the total bacterial population). Aerobic methanotrophs assigned to Alpha-and Gamma-proteobacteria were found in all six of the MVs, including Methylococcaceae, Methylobacteriaceae and Methylocystaceae. The proportion of aerobic methanotrophs varied substantially between sites, being most common at BYG3 (6.8%) and least common at AQG (0.2%) (Fig. 2B) . Diverse sulfate-reducing bacteria (SRB) were most abundant at BYG4 (17% of all bacteria) (Fig. 2B) , and the identified groups included Desulfobacteraceae, Desulfobulbaceae, Desulfomicrobiaceae, Desulfohalobiaceae and Desulfovibrionaceae. Additionally, iron-reducing bacteria that were mainly affiliated with two families, Desulfuromonadaceae and Geobacteraceae, showed the highest relative abundance (8.4%) at DSZ (Fig. 2B) .
Our non-metric multidimensional scaling (NMDS) analysis clearly showed distinct archaeal and bacterial communities among sites (Fig. 3) , with clusters around the three MV regions. In terms of archaea, community structure in the first scaled dimension was more similar between AQG and DSZ than any other pair, while BYG3 was separated from BYG1/2/4 along the second scaled dimension (Fig. 3A) . In terms of bacterial community structure, DSZ and AQG samples were separated from the four BYG sites along the first and second scaled dimension respectively (Fig. 3B) . The above results were further verified by multiresponse permutation procedures (MRPP) and Adonis tests (Supporting Information Table S1 ).
Environmental factors associated with community structure
The geochemical characteristics of the exuded muds are displayed in Table 1 . All of the muds were alkaline or slightly alkaline with an average temperature of 9.858C 6 1.028C. In addition, all of the MVs exhibited a strong reducing environment based on the oxidation-reduction potential (Eh) (258 to 2145 mV) and high electrical conductivity (EC) (5.15-17.37 mS/cm). Sites AQG, BYG1/4 and DSZ presented extremely low dissolved oxygen (DO) values that ranged from 0.15-0.19 mg/L, while those at BYG2 and BYG3 were 0.37 and 0.68 mg/L respectively. Dissolved methane concentrations ranged from 0.73 to 1.54 mM, and the carbon isotopic composition (d 13 C-CH 4 ) ranged from 232.7& to 239.7& (Table 1 ). The nitrate concentration was similar at all of the sites (1.52-1.59 mM), while the ammonium concentration ranged from 0.07 to 0.12 mM. Sulfate was lowest (0.65 mM) at AQG and BYG3 and highest at BYG4 (2.59 mM). DSZ showed the highest quantity of both dissolved Fe (90.68 lM) and Mn (2.05 lM) ( Table 1) .
Both the total environmental factors and geographic distance were significantly correlated with the b-diversity of the archaeal and bacterial communities based on the Bray-Curtis distance (simple Mantel tests, all r > 0.41, all p < 0.001) ( Table 2 ). However, when environmental factors were controlled, geographic distance was no longer correlated with archaeal b-diversity (partial Mantel test, r 5 0.003, p 5 0.404), while the effect of environmental factors remained significant when geographic distance was controlled (partial Mantel test, p < 0.001; Table 2 and Supporting Information Table S2 ).
To disentangle the effects of the individual environmental variables versus the other environmental factors, partial Mantel tests were performed ( visualized MRT supported these results (Fig. 4 ). In the archaeal tree, diversity estimates were first split by NO concentration followed by Fe concentration, temperature and sulfate concentration ( Fig. 4A ). For bacterial diversity, the first node of the MRT tree was temperature followed by sulfate and NO 2 3 ( Fig. 4B ).
Geochemical process of methane by microcosm incubation
Microcosm incubations were utilized to assess the geochemical processes of methane, and the effect of electron acceptors on AOM were determined by adding Fe 31 / SO 22 4 /NO 2 3 to the microcosm system. The results showed that the potential of both methanogenesis and methane oxidation differed remarkably among MV sites (Fig. 5) . The production of methane in AQG1 and BYG1, which reached 7.7 and 4.5 lmol ml 21 fluid mud in 24 days, respectively, was much higher than in other sites. The average rate of potential aerobic methane oxidation ranged from 4.8 to 10.5 nmol of CO 2 ml 21 fluid mud day 21 in the six MVs, and the rate of AOM in each site was much lower than the aerobic methane oxidation potential, except for AQG and DSZ. Following the addition of an electron acceptor (NO 
Network analysis of the microbial interactions in the MVs
To determine the similarity and dissimilarity of microbial interactions in the MVs, the pMENs analysis focused on two contrasting and representative sites: BYG3 and DSZ. The MVs in BYG3 developed from the Jurassic to Neogene, while those in DSZ were younger, with development beginning at the Neogene (Wang et al., 2000; Wan et al., 2015) . Fig. 6 ). The network graphs, which illustrate the ecological interactions (edges) of the different populations (nodes) in the microbial community of two MVs, revealed marked differences between the two sites in terms of network composition and structure ( Fig. 7 ; Supporting Information Fig. S3 ; Supporting Information Table S3 ). Most of the nodes in the two networks belonged to 10 families (as shown in Supporting Information Fig. S3 ), half of which were methanogens. The relative proportion of ANME-2d was much higher in the pMENs of BYG3 than in those of the DSZ, while the proportion of Halobacteriaceae and Desulfuromonadaceae was lower in the BYG3 network (Fig. 7A) .
Different nodes play distinct roles in a network (Guimera et al., 2007) , and the topological roles of different OTUs can be defined by two parameters, within-module connectivity (Zi) and among-module connectivity (Pi). The topological roles of nodes in the BYG3 and DSZ pMENs are illustrated in the Z-P plot (Fig. 7B) . Based on the values of Zi and Pi, the roles of nodes were classified into four categories: peripherals, connectors, module hubs, and network hubs. From an ecological perspective, module hubs and connectors are similar to generalists while peripheral nodes are specialists, and network hubs represent super generalists (Olesen et al., 2007) . The majority (97.7%) of the OTUs were peripherals with most of their links inside their modules, and approximately 2.3% of the OTUs were generalists, including 1.9% that were module hubs and 0.4% that were connectors. Eighteen (10 in BYG3 and 8 in DSZ) of the 33 module hubs and three of seven connectors belonged to methanogens including Methanosaetaceae, Methanomicrobiaceae and Methanosarcinaceae. Additionally, another three module hubs were assigned to ANME-2d, and one of the connectors belonged to Methylococcaceae. The two BYG3 generalists, OTU_020311 (Methanobacteriaceae) and OTU_024965 (ANME-2d), were also the nodes with the maximum degree, meaning that they were 'keystone' species with the highest connectivity to other microorganisms. The sub-network of the two generalists only presented positive interactions with archaea ( Fig. 8A) , whereas in the DSZ pMEN, the sub-network that was central in the keystone species OTU_023037 (Methanosaetaceae) showed that various bacteria, methanogens and ANMEs were involved in more complicated interactions (Fig. 8B ). For example, the core node (OTU_023037) was connected to Shewanellaceae (OTU_2516), which could transport electrons under anaerobic conditions (Nealson and Scott, 2006; El-Naggar et al., 2010) , as well as Piscirickettsiaceae (OTU_23933), which displayed close links with methanogens, ANMEs and Desulfobulbaceae (Supporting Information Fig. S4A ). Desulfobacteraceae (OTU_1538), which could couple with ANMEs for AOM, was another module hub in the DSZ pMEN (Supporting Information Fig.  S4B ), but no related phylogenetic populations were found in the BYG3 pMEN. Overall, DSZ displayed a more complex network structure and more diverse key microbial groups than the counterparts in BYG3-pMEN. Here, we demonstrated that microorganisms involved in the methane cycle, such as ANME lineages and methanogens, dominated these important and unusual habitats. In addition, Fe, NO 2 3 and SO 22 4 were significant factors driving the microbial community composition and diversity.
Major environmental factors shaping the microbial community in MVs
The microbial diversity at each MV was closely linked with the mineral contents (SO temperature of the mud but not geographic distance. This mirrored observations from other extreme habitats (such as acid mine drainages [Kuang et al., 2013] and salt lakes [Pagaling et al., 2009] ), in which environmental factors had a stronger influence on microbial diversity than separation distance. Temperature has been shown to influence various biochemical processes, including methanogenesis, sulfate reduction and AOM (Glissman et al., 2004; Kallmeyer and Boetius, 2004) . Hence, temperature might impact the growth and activity of microorganisms involved in the above biochemical processes in the MVs, consequently affecting the microbial community.
The role of mineral contents provided more specific insight into the ecological processes shaping anaerobic microbial communities in methane-rich habitats. Particularly, the sulfate concentration had a marked effect on both bacterial and archaeal community composition, consistent with the differences in sulfate concentration and the abundance of SRB (Table 1 and Fig. 2B ). Desulfobacteraceae and Desulfobulbaceae accounted for more than 80.5% of the total SRB in all of the MVs in this study. Previous studies have shown that both Desulfobacteraceae and Desulfobulbaceae could form syntrophic consortia with ANME lineages that drive sulfate-dependent AOM (Green-Saxena et al., 2012; Milucka et al., 2012) . However, the process of AOM only slightly increased when receiving sulfate, suggesting that sulfate-dependent AOM was not prominent in our MV sites. This is probably due to the occurrence of anaerobic methanotrophic archaea ANME-2d at our sites that are presumably not conducting methane oxidation with sulfate, but instead using other electron acceptors, such as nitrate or oxidized metals (Haroon et al., 2013; Ettwig et al., 2016) . Nevertheless, the sulfate concentration was significantly correlated with many methane metabolism-related archaea (Methanobacteriales, Methanomicrobiales and Methanosarcinales) (p < 0.05; Supporting Information Table S4 ), presumably because sulfate influenced the competition between SRBs and methanogens for common substrates (electron donors), such as hydrogen and acetate (Schonheit et al., 1982; Weijma et al., 2002) .
Microorganisms from marine sediments have been reported to use iron (ferrihydrite) for AOM (Beal et al., 2009) . Additionally, soluble Fe 31 (e.g., Fe-citrate) and nanoparticulate forms of Fe 31 were confirmed to support the methane-oxidizing activities of archaea belonging to ANME-2d (Ettwig et al., 2016) . It has also been shown that ANME-2a/b can be decoupled from their syntrophic SRB partners using soluble artificial oxidants, suggesting these archaea possibly can interact with soluble iron (III) complexes (e.g., Fe-citrate and ferric-EDTA) (Scheller et al., 2016) . Consistent with previous studies, the process of AOM was greatly accelerated when amended with Fecitrate, indicating the potential for iron-dependent AOM in this study. A significant correlation between iron concentration and the diversity of methane-related archaea (Methanobacteriales and Methanomicrobiales) was also observed (p < 0.05; Supporting Information Table S4 ), suggesting the influence of iron on the methanogen community composition and diversity in these methane-rich MVs. Nitrate also played an important role in MV microbial community structure. The main microorganism responsible for nitrate-dependent AOM, ANME-2d (Candidatus Methanoperedens nitroreducens; Haroon et al., 2013) , was ubiquitous and abundant (exceeding 9% of total archaea) in all six of the MVs in the Junggar Basin. ANME-2d was found to be distributed in various environments, including the MVs in Taiwan and Italy (Chang et al., 2012; Wrede et al., 2012; Welte et al., 2016) , and is known to oxidize methane to CO 2 via reverse methanogenesis (Haroon et al., 2013; Arshad et al., 2015) . In our study, 13 CO 2 accumulation increased after the addition of nitrate in BYG1 and BYG3 (Fig. 6) . Additionally, the nitrate concentration showed a significant correlation with key orders related to CH 4 /S/Fe cycling, including Methanosarcinales, Methanomicrobiales, Deltaproteobacteria and Epsilonproteobacteria, which two contain various SRB and iron reducers (Supporting Information Table S4 ). These findings were consistent with the influence of nitrate on sulfate and iron reduction under anoxic conditions (Roy and Conrad, 1999; Hu et al., 2011) . Methylomirablilis oxyfera performing nitritedependent AOM (Ettwig et al., 2010) was not found in our study sites. Considering the extremely low amount of nitrite (not detected by ion chromatography), nitrite-dependent AOM might be absent or negligible in the MVs of Junggar Basin.
A recent study of freshwater species confirmed that aerobic methane oxidation occurs in anoxic lakes via gammaproteobacterial aerobic methane-oxidizing bacteria (Milucka et al., 2015) . When oxygen was provided in the microcosm incubations, four BYG-MVs with high relative abundance of methanotrophic bacteria presented obvious potential for aerobic methane oxidation (maximum of 10.5 nmol ml 21 fluid mud day 21 ) (Figs. 2B and 5). Type I methanotrophs were dominant in these MVs, and Methylobaater, Methylococcus and Methylomicrobium were the main genera (Supporting Information Fig. S5 ). We considered this to be plausible because the MVs provided a suitable temperature (8.58C-10.18C) for Type I methanotrophs, whereas Type II methanotrophs were more prevalent at higher temperatures (258C-288C) (Horz et al., 2002; Gebert et al., 2003; Borjesson et al., 2004) . Moreover, verrucomicrobial methanotrophs, which were mainly limited to geothermal environments with high temperatures and low pH (Sharp et al., 2012; Van Teeseling et al., 2014) , were also not found to be the dominant methanotrophs in our alkaline (pH 7.2-10.25) and cold MVs.
Both our results and those of previous studies of methane-rich areas (e.g., cold seep regions in the Eastern Mediterranean and sediments of the Helgoland mud area) have shown concentrations of other nutrients and minerals, such as dissolved inorganic carbon, sulfate and dissolved iron, to be associated with distinct microbial community structures rather than methane (Oni et al., 2015; Ristova et al., 2015) . The methane concentrations in the MVs in the Junggar Basin were more than 10 4 times higher than those of the atmosphere (Nakada et al., 2011) , indicating that the amount of CH 4 could always be plentiful or even oversaturated in these MVs. When compared with that of methane, the concentration of Fe/SO simultaneously showed different effects on AOM based on microcosm incubation (Fig. 6) . Hence, these acceptors should be more effective factors for determining both the AOM process and microbial communities in our study.
Differences in microbial interaction networks between MVs
Network analysis helped us explore the microbial interactions from a different perspective. As shown in this study, topological roles, interaction patterns (positive or negative), and phylogenetic relationships of individual OTUs provided sufficient evidence for identifying key microbial populations and revealing their interactions in two distinct MVs. In both the pMENs of BYG3 and DSZ, methanogens and ANME2d constituted most of the nodes, module hubs (generalists), and even keystone species. Keystone organisms (including some module hubs and connectors) always have the greatest effect on microbial community structure and potential functions (Berry and Widder, 2014) . Therefore, the pMENs results demonstrated that the methane cycle and related microorganisms could be essential to the microbial ecological system of the MVs. In addition, ANMEs and methanogens, which are phylogenetic relatives, always showed co-occurrence patterns (Fig. 8) in the pMENs, suggesting that their changes in OTU abundance followed the same trend based on microbiology network theory (Zhou et al., 2011) . In anoxic environment, methanogens and ANMEs could contribute to methanogenesis and methane oxidation respectively. In our study, the potential for both methanogenesis and AOM was reliably supported by the microcosm incubation. Although it is unclear what causes the co-occurrence patterns of methanogens and methanotrophs in MVs, their potential interactions and functions should be investigated in more detail.
The DSZ pMENs showed a higher diversity of module hubs and more complex interactions among microbes than the BYG3 network (Figs. 7 and 8) , reflecting key niches being held by more core species. Notably, the sub-network centred on the Desulfobacteraceae (OTU_1538) module hub showed direct positive linkages with ANME-2d and methanogens (Supporting Information Fig. S4B) . Recently, ANME-2d was shown to perform AOM with Fe 31 /Mn 41 as electron acceptors (Ettwig et al., 2016) , and previous studies also demonstrated that SRB (e.g., Desulfovibrio and Desulfobacteruim) could reduce Fe(III) (Lovley et al., 1993; Kunapuli et al., 2007) . Hence the co-occurrence partners of Desulfobacteraceae and ANME-2d in the pMENs have the potential to perform Fe(III)-dependent AOM; however, further research is needed to confirm this. It is also worth noting that the microbe commonly associated with iron reduction and electron transfer, Shewanellaceae (OTU_2516) (Nealson and Scott, 2006; El-Naggar et al., 2010) , was one of the core module hubs at DSZ. Recent studies have shown that interspecies extracellular electron transfer could directly couple to AOM (McGlynn et al., 2015; Wegener et al., 2015; Scheller et al., 2016) . The positive relationships between electron-transferring species and ANMEs could indicate their co-existence by mutualism or syntrophy. The concurrence and positive relationships among various methanogens, iron reducers, SRBs, and ANME-2d indicated that each population probably performed their respective metabolism simultaneously. The braided metabolism did not conform to the microbial redox tower, but was instead more likely to be subject to unsorted redox processes, to some extent. Our results were consistent with those reported by Chen et al. (2017) , who found that unsorted redox processes, rather than a succession of redox processes, occurred in oxygen-limited habitats.
Conclusion
In this study, we used ecological analyses of highthroughput sequencing data from bacterial and archaeal communities in MVs to show that electron acceptors (SO 22 4 , Fe and NO 2 3 ) play a crucial role in shaping microbial community composition and diversity in these extreme environments. The impacts of these electron acceptors on AOM were further verified biogeochemically by microcosm incubation experiments. This is the first study to apply pMENs analysis to characterize the microbial network interactions in methane-rich MVs, which varied in both geochemical factors and methane metabolism. Distinct differences were observed in the network structure, key species and their sub-network interactions between the selected MVs. To our knowledge, this study provides the most comprehensive analysis of microbial diversity and community composition in a group of widely distributed MVs in the Junggar Basin. Having established a likely decisive role of electron acceptors in determining the microbial community structure and network interactions in methanerich habitats, it will be valuable to experimentally investigate the associations between ANMEs and their partners.
Experimental procedures
Study sites and sample collection
Mud samples were collected in September of, 2014 from MVs in the AQG, BYG and DSZ areas on the southern margin of the Junggar Basin in northwest China ( Fig. 1 ; Supporting Information). Four BYG MVs (BYG1-4) were located on a fault associated with the northern Tianshan Mountains. These MVs appear as mud pies and produce a gentle discharge of gas and mud. The emergence stratum of BYG1-4 is a coalbearing Jurassic series (Hendrix et al., 1995) ; in contrast, the MVs in AQG and DSZ (one sample per site) are found on the core of an anticline and are cone-shaped. The emergence stratum of AQG consists of coloured Cretaceous sedimentary rock and that of DSZ is Neogene red clay (bleached to a yellow-green by oil and gas) (Nakada et al., 2011) .
Eight samples of volcanic mud were taken from 10 cm below the crater surface at each site with a sterilized fluid sampler. The temperature, pH, DO, Eh and EC of each sample were immediately measured in situ using a Multi 340i/SET (WTW, Weilheim, Germany). Samples were placed in serum bottles, with 120 ml stored separately, sealed with a butyl rubber stopper for aqueous geochemistry and DNA analysis and in another serum bottle for gas geochemistry analysis. Samples were transported to the laboratory on dry ice and subjected to further analysis on arrival.
Sample processing and analysis in the laboratory
Samples for aqueous geochemistry and DNA analyses were centrifuged at $ 8200g for 15 min, after which the supernatant was collected and filtered through 0.22-lm hydrophilic polyethersulfone (PES) syringe filters. The filtered supernatant was acidified with 10 ll of 36% HCl per ml to measure the concentration of total Fe and total Mn (Treude et al., 2014) . The water extracts after filtration did not receive any preservative for anion analysis (Chang et al., 2012) , and the filtered samples for cation and anion measurements were stored at 48C before further analysis. The residual sediments (eight replicates/site) after centrifugation were used for DNA analyses, and they were frozen at 2808C until DNA extraction.
All of the filtered supernatants were analyzed in triplicate. The concentrations of Fe and Mn were measured by inductively coupled plasma mass spectrometry (ICP-MS) (PerkinElmer, Norwalk, CT), while anions (Cl 2 , SO 22 4 and NO 2 3 ) were measured using ion chromatography (Dionex, Sunnyvale, CA). Additioanlly, methane in the headspace was measured using a gas chromatograph coupled with a mass spectrometer (GC-MS; GCMS-QP2010 Ultra, Shimadzu, Kyoto, Japan) equipped with an Agilent GS-CarbonPLOT column (30 m 3 0.32 mm 3 1.5 lm) (Agilent Technologies, Santa Clara, CA) at 508C (2 min) using helium (He) as the carrier gas (total flow rate 64 ml/min) (Cui et al., 2015) . Stable isotope compositions of the carbon (d 13 C values) in the methane were measured using a Delta V Advantage gas chromatography combustion isotope ratio mass spectrometer (GC-C-IRMS) (Thermo Fisher Scientific, Bremen, Germany).
Mud microcosm incubations
To test the activity of methane production and oxidation in the MVs, mud microcosms were established with 25 ml of fresh mud fluid (from a depth of 10 cm below the fluid surface) in 125 ml sterile serum bottles. The bottles were closed with butyl rubber stoppers, evacuated, and flushed with argon (Ar) four times (5 min each time; final headspace: 1 bar Ar). The microcosms were directly incubated for methanogenesis detection; and 20 ml of 13 CH 4 was injected into the 1-bar Ar headspace for AOM incubation. To test the effects of various electron acceptors on AOM, the mud fluids were preincubated under anaerobic conditions for at least 30 days to remove residual acceptors. Ferric citrate, sodium sulfate (NaSO 22 4 ) or sodium nitrate (NaNO 2 3 ) was injected from an anoxic stock solution into individual serum bottles to give a final concentration of 10 mM. The microcosms for aerobic methane oxidation were prepared in the same way as for the AOM microcosms, except the Ar was replaced with air. All of the microcosms were incubated at 128C, which was referenced in the temperature range of each MV (Table 1) . Triplicate microcosms were established per incubation condition (108 microcosms in total) and periodically sampled to measure the CH 4 and CO 2 concentrations.
DNA extraction, amplification, illumina sequencing and data processing DNA was extracted using the FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH) according to the manufacturer's instructions. The V3-V4 hypervariable regions of archaeal and V4 region of bacterial 16S rRNA genes were sequenced using MiSeq, and all of the sequence pre-processing was conducted using the Galaxy pipeline (http://159.226.240.74:8080/) (Giardine et al., 2005; Goecks et al., 2010) integrated with various bioinformatics tools (see Supporting Information). Briefly, raw sequences were aligned to samples, and trimmed, after which paired end reads were merged into full length by FLASH (Magoc and Salzberg, 2011) , and the program Btrim (Kong, 2011) was used to filter out unqualified sequences. UCLUST was used to remove chimers and classify OTUs at the 97% similarity level, and random re-sampling was subsequently performed. All of the sequence data have been submitted to the GenBank Sequence Read Archives (http://www.ncbi.nlm. nih.gov) under BioProject ID PRJNA315255.
Quantitative PCR analyses of bacterial and archaeal 16S rRNA genes Quantitative measurements were taken in triplicate for each sample. Amplifications were performed with a CFX Connect Real-Time System (BioRad, Hercules, CA) in a final volume of 25 ll using Takara SYBR V R Premix Ex Taq TM (Takara, Dalian, China), 2 ll template DNA and primers at a final concentration of 0.2 lM. The primers used to amplify the bacterial 16S rRNA genes were BAC 27F (Lane et al., 1985) and EUB 338R (Amann et al., 1990) , and the amounts of general archaeal 16S rRNA genes were targeted with the primer combination of A806F (Takai and Horikoshi, 2000) and A 958R (DeLong, 1992) . The PCR protocol consisted of (i) 30 s at 958C, (ii) 40 PCR cycles of 958C for 5 s, annealing (archaea: 608C; bacteria: 558C) for 30 s and (iii) a generation of a melt curve. Primer specificity was checked by both melting profile analysis and gel electrophoresis, and the standards were prepared from the cloned amplicons containing these target groups. Standard curves were constructed from 10-fold serial dilutions to a range of 10 7 to 10 0 copies ll
21
. The R 2 values of standard curves yielded from qPCR were up to 0.997, and the efficiency of reactions was up to 92%. Q-PCR results were expressed in copy numbers per millilitre of mud fluid.
Network construction and characterization
Two BYG3 and DSZ networks were constructed to explore the similarity and dissimilarity of microbial interactions because of their distinct differences in both the involved geochemical factors and microbial processes (e.g., methanogenesis and AOM). Data generated through the Galaxy pipeline analysis were used to build pMENs (Zhou et al., 2011) . Random matrix theory (RMT) approaches were employed to construct the network, identify network and module hubs and connectors, and detect topological properties with an automatic threshold (Zhou et al., 2010; Deng et al., 2012) . Rapid greedy modularity optimization was used to generate the network modules. Construction and major analyses of the pMENs were performed based on the online analysis pipeline of the Institute 12 G. Ren et al. (Zhou et al., 2010; Deng et al., 2012) , and network graphs were visualized using Cytoscape 2.8.3 software (Smoot et al., 2011) .
Statistical analysis
All of the statistical analyses were performed in R 3.1.2 using three packages vegan (Oksanen et al., 2013) , Imap (Wallace, 2012) and mvpart (Therneau et al., 2012) . Non-metric multidimensional scaling (NMDS) (Taguchi and Oono, 2005) was used to evaluate the heterogeneity in microbial community composition among the six sites. A geographic distance matrix between any two sampling sites (regional variables) was calculated by transforming the longitude and latitude coordinates of each sampling position using principal coordinates of neighbour matrices (PCNM) analysis (Borcard and Legendre, 2002) . The relative contributions of local and regional factors to shaping of the microbial community were tested using Mantel tests (Legendre and Fortin, 2010) and an MRT (De'Ath, 2002) . Further, partial Mantel tests (Smouse et al., 1986) were used to estimate the relationships between microbial community structure and each environmental variable after controlling for the other environmental variables. This analysis examined the effects of PCNM parameters (regional) and pH, temperature and Fe, Mn, CH 4 , NO 
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